Porins are among the predominant or major proteins found in the outer membranes of gramnegative bacteria. Their function is to form pores that allow the diffusion of small hydrophylic molecules across the outer membrane barrier (3, 12, 16, 17, (20) (21) (22) . The transmembrane nature of porins is demonstrated by their ability to serve as receptors for bacteriophages or colicins (3) and their tight, noncovalent association with peptidoglycan (3, (15) (16) (17) (18) 29) . The OmpF and OmpC proteins are the porins usually found in E. coli K-12 strains. Escherichia coli B has only the OmpF-like porin, protein I (29) .
Recently, Paakkanen et al. (25) described protein K as an outer membrane protein found in each of 33 encapsulated strains of E. coli but absent in 13 of 14 unencapsulated E. coli strains. They compared the first 10 N-terminal amino acids of protein K to porin from E. coli B (protein I) and found the sequences to be identical, with the exception of residue 8.
In this paper, we provide further evidence that protein K is structurally related to porins. In addition, we find that protein K may function in vivo and in vitro as a porin in the E. coli outer membrane. MATERIALS isolated from cerebrospinal fluid and given to us by Emil Gotschlich from the Rockefeller University. Strains N63-1, N63-2, N63-3, and N63-4 are independently isolated unencapsulated Kl derivatives of strain N63 selected as resistant to bacteriophage E. This bacteriophage is specific for encapsulated KI+ strains (11) . The presence of the Kl antigen was detected by precipitin formation on L agar plates containing 10% meningococcal group B antiserum (23) .
Media and culture conditions. Strains were grown in either Franz medium (9, 10) or L broth (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl; pH 7.0) to mid-exponential phase in a shaking water bath at 37°C. Bacteria were harvested by centrifugation at 6,000 x g for 10 min. Plating medium contained 15 g of agar per liter.
Preparation of colicins. Colicins E2 and E3 were prepared from mitomycin C-induced cultures of appropriate strains as described previously (7) .
Envelope fractionation. Inner and outer membrane proteins were separated by extraction of total cell envelopes with either Sarkosyl (6) or Triton X-100 (29) . Peptidoglycan-associated proteins are those proteins not solubilized by 2% sodium dodecyl sulfate (SDS) at 60°C for 30 min as described by Rosenbusch (28) .
Purification of protein K. Strain JS17 is an ompF ompC ompA strain lysogenic for a derivative of phage lambda (X 540) into which we have cloned the structural gene for protein K from E. coli Kl strain N63 (Sutcliffe and Foulds, J. Cell. Biochem., in press). This strain produces protein K as its only porin.
Protein K was purified from the total cell envelope fraction as described by Nakae (21) . Briefly, the cell envelope fraction was prepared by centrifugation (100,000 x g for 1 h) of a French press lysate of strain Immunological comparison of OmpF protein and protein K. The OmpF protein used to elicit antibody was purified as a single band from SDS-polyacrylamide gels of outer membrane proteins prepared from strain JF773. Approximately 40 ,ug of OmpF protein in 0.4 ml was mixed with an equal volume of Freud complete adjuvant and injected intradermally into a 6-to 8-lb (ca. 2.8-to 3.7-kg) New Zealand white female rabbit. The rabbit was bled every 1 to 2 weeks to monitor the titer of anti-OmpF antibody. Additional injections of antigen, equivalent to the initial injection, were given every 4 weeks and again after 6 weeks. Antiserum was collected every 2 weeks from 4 to 10 weeks and pooled. These anti-OmpF antisera did not react with purified lipopolysaccharide, SDS, phospholipids, or lipoprotein (kindly provided to us by Henry Wu). A 10-to 15-,ul sample of purified OmpF protein (containing about 1 mg/ml) or protein K (purified from E. coli Ki strain N63 by the same method as OmpF protein) was added to each well of an Ouchterlony double-diffusion plate, and 15 ,ul of undiluted antiserum was placed in the center well. The Ouchterlony plate was prepared as a 1% agarose gel containing 20 mM Tris-hydrochloride, pH 7.9-0.5% Triton X-100. Antigen-antibody complexes were visible after overnight incubation in a moist chamber at room temperature.
Chymotryptic peptide maps. The proteins were radioiodinated in polyacrylamide gel slices as described by Elder et al. (5) . The iodinated proteins were digested with chymotrypsin, and the resulting peptides were separated by two-dimensional thin-layer chromatography and electrophoresis (30, 32) .
Cell surface labeling. Strain N63-1 was grown in midexponential phase in L broth, the bacterial cells were harvested by centrifugation, and the surfaces of whole cells were iodinated by lactoperoxidase procedures (13, 26) . The cells were broken by passage through a French pressure cell, and inner and outer membrane fractions were prepared with Sarkosyl (6). Approximately 40 jig of protein from inner or outer membrane preparations was applied to a 12% polyacrylamide gel prepared by the method of Weintraub et al. (33).
Proteins that had been labeled by Na125I were visualized by autoradiography of the dried gel, using X-ray film (Kodak X-Omat AR).
Uptake of nutrients. Bacterial strains were grown in 10 ml of L broth to a density of 5 x 108 cells per ml. Cells were harvested by centrifugation and suspended in 5 ml of Davis minimal medium (Difco Laboratories) plus 0.2% glucose and 100 jg of chloramphenicol per ml. The cell suspension was divided into 1-ml portions and allowed to equilibrate at 37°C for 15 min. The radioactive substrate (0.5 FM, final concentration) was added, and 100-,ul samples were removed at 30-s intervals and filtered through Whatman GF/F glass fiber filters. The filters were immediately washed with 1 ml of minimal medium at 37°C, dried, and counted. The initial uptake rates were determined over the period of time where the uptake was linear, usually 3 to 5 min. The substrate was chosen after preliminary experiments, using concentrations from 0.2 to 10 jM proline.
Black lipid membrane experiments. Black lipid membranes were formed by spreading the membraneforming solution under water across a circular hole (1-mm diameter) in a Teflon cup (19) . Each chamber contained KCI at 1 M and 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) at fraction was virtually unlabeled by this procedure and contained less than 0.5% of the 1251 incorporated. Protein K is one of the outer membrane proteins that has surface tyrosyl residues accessible to the 1251 label. The 1251 label did not penetrate the outer membrane as evidenced by the observation that no inner membrane proteins were labeled. Thus, we conclude that a portion of protein K is exposed on the outer surface of the outer membrane.
To demonstrate that part of protein K is exposed to the periplasmic side of the outer membrane, we extracted total cell envelopes with 2% SDS at 60°C for 30 min. This procedure solubilizes all the inner membrane proteins and most of the outer membrane proteins (28 Protein K is structurally related to strain K-12 porins. We compared chymotryptic digest patterns of protein K with OmpF protein from E. coli K-12. Figure 4 is a composite representation of these chymotryptic peptide maps. There are 8 common peptides out of 17, and 6 of 8 are found in the region of the chromatogram where the more hydrophobic peptides are found (32) . By using this same technique, we found that protein K also had 7 or 8 of 17 peptides in common with OmpC and PhoE porins, respectively. Of these seven or eight peptides, four were common to all porins (data not shown).
Protein K is functionally related to strain K-12
porins. Based on the protein K structural similarity to strain K-12 porins, it seems reasonable that protein K might also be functionally analogous to porins. A gamma-vector carrying the structural gene for protein K uptake of certain nutrients in strain JS17 is increased 1.5-to 3-fold over the rate of uptake in strain CS146 (Table 2) . Studies with black lipid membranes. To examine the pore-forming capacity of protein K in vitro, we turned to studies with black lipid membranes. This system has been used as an exquisitely sensitive assay system to study transport of ions mediated by transport entities such as carriers and channels. Figure 5 shows the effect of protein K on the conductance of an oxidized cholesterol black lipid membrane. Conductance changed in the form of discrete, uniform steps characteristic of channels (4) . The unit channel size was about 2 nS. We occasionally observed steps of 4 and 6 nS, consistent with the cooperative opening or closing of two or three channels. The conductance of multichannel membrane appeared to be voltage independent (data not shown). We have observed similar discrete steps induced by protein K in planar bilayers made of phosphatidylethanolamine of tips of patch electrodes (data not shown). 
DISCUSSION

